Norovirus (NV) is a major pathogen of acute gastroenteritis, infecting infants and adults worldwide. The NV genome consists of a positive-sense, single-stranded, poly(A)-tailed RNA of approximately 7.5 kb, encapsidated in a protein core. It is subdivided in three open reading frames (ORF) encoding nonstructural and structural viral proteins. ORF1 encodes a polyprotein that is further processed by autocatalytic cleavage leading to at least five viral enzymes (21) . ORF2 encodes the norovirus capsid and ORF3 a small basic protein predicted to play an essential role in infectivity (24) . ORF2 and ORF3 genes constitute the viral subgenomic RNA, with a length of about 2.5 kb and a poly(A) tail. Furthermore, in norovirus, the genomic and subgenomic RNAs display identical sequences of about 35 nucleotides (nt) at their 5Ј termini.
Norovirus RNA-dependent RNA polymerase (3D pol ; about 57 kDa) is located at the 3Ј end of ORF1. It bears in its active site highly conserved motives among RNA viruses (GDD) as well as the canonical GLPSG motives characteristic of the Caliciviridae (1) . Activity of the recombinant NV polymerase has already been demonstrated in vitro (2, 4, 19) . However, discordant data on initiation of RNA synthesis by norovirus 3D pol was reported. According to our observations (19) as well as those of Fukushi et al. (4) , norovirus 3D pol initiates RNA synthesis de novo on nonpolyadenylated templates, whereas initiation on polyadenylated templates is strictly primer dependent. In contrast, other authors have postulated a norovirus 3D pol RNA initiation by a back-priming mechanism (2) . Initiation of RNA synthesis by viral RNA-dependent RNA polymerases has been classified into three major mechanisms so far: a de novo initiation, a primer-dependent initiation, and a back-priming-based initiation (7) . However, in members of the Picornaviridae, e.g., poliovirus and foot-and-mouth disease virus, and also in animal caliciviruses, such as the rabbit hemorrhagic disease virus, an additional mechanism of initiation of RNA synthesis termed "protein priming" has been previously described (8, 10, (12) (13) (14) (15) (16) (17) 22) . In those viruses, initiation of RNA synthesis relies upon uridylylation and subsequent elongation of a viral protein, designated VPg (virion protein, genomelinked), in the presence of the polyadenylated genomic RNA. This "protein-primed" initiation occurs after the annealing of the elongated VPg-poly(U) to the poly(A) tail of the viral genome. Interestingly, the norovirus genome encodes a VPg. This viral protein is predicted to play an important role in the replication of the norovirus genome, similar to the role of picornavirus VPg. However, in picornavirus, the VPg is 22 amino acids in length. In norovirus, the VPg has a predicted length of 133 amino acids and a molecular mass of 15.8 kDa. It remains unclear so far whether norovirus 3D pol is able to uridylylate and elongate the VPg, leading subsequently to protein-primed initiation of replication of the viral genome. Furthermore, initiation of replication of antigenomic viral RNA remains unclear. Norovirus antigenomic RNA is predicted to play an important role in the replication of the norovirus genome, being the template used for synthesis of genomic RNA.
In this study, we have investigated the replication of the norovirus genome in vitro using recombinant active norovirus 3D pol and the subgenomic RNA as a surrogate for the norovirus genome. Our results suggest that norovirus 3D pol initiates replication of the viral genome in a protein-primed manner, after elongation of VPg. In contrast, norovirus 3D pol initiates replication of antigenomic RNA de novo on a poly(C) stretch, added at the 3Ј terminus by terminal transferase activity. Those differential mechanisms of initiation of RNA synthesis reflect a flexibility of norovirus 3D pol modulated by its RNA templates. They also suggest that, in comparison to other single-stranded RNA viruses, norovirus uses a different strategy for replication of the viral genome.
MATERIALS AND METHODS
Generation of RNA templates. Synthetic RNA templates were generated by in vitro transcription of cDNA as previously described (19) . Poly(A) tailing of synthesized RNA was performed with a poly(A)-tailing kit (Ambion) according to manufacturer's instructions. Purification of the poly(A)-tailed RNA was performed with a MEGAClear kit (Ambion) according to manufacturer's instructions and the products visualized on agarose gels after ethidium bromide staining.
Heterologous expression and purification of recombinant NV proteins. Expression and purification of recombinant norovirus 3D pol as well as mutated 3D pol (YGD 343G D 344G ) were performed as previously described (19) . For expression and purification of recombinant VPg, cDNA was generated by PCR from NV clone pUS-NorII (GenBank accession number AY741811) using primers 172-Nor-VPg-NheI-for (5Ј-CGCTAGCGGCAAGAAAGGGAGGAACA AGACTG-3Ј) and 173-Nor-VPg-HindIII-rev (5Ј-CATAAGCTTCTCAAAACT GAGTTTCTCATTGTAGTC-3Ј) and under the same conditions as those previously described (19) , with slight modifications. Briefly, cDNA was cloned into the pET-28b(ϩ) vector (Novagen), the expression vector sequenced and used to transform Escherichia coli BL21(DE3)pLysS cells. After induction of cells grown at 37°C, cultures were incubated at 25°C overnight. Cell pellets obtained from 250-ml cultures were washed once in 4 ml phosphate-buffered saline and 1% Triton X-100 (Sigma). Cells were treated with DNase (10 U/ml) for 15 min at 37°C and then sonicated on ice and resuspended in 40 ml of binding buffer (20 mM Tris-HCl [pH 7.9], 500 mM NaCl, 5 mM imidazole). After centrifugation, the cleared lysate was obtained. The His 6 -tagged VPg was bound on a Ninitrilotriacetic acid-Sepharose resin (Novagen) preequilibrated with the binding buffer. The bound protein was washed with the binding buffer containing 60 mM imidazole and eluted with the binding buffer containing 100 mM imidazole. The eluted protein was then dialyzed against buffer A (25 mM Tris-HCl [pH 8.0], 1 mM ␤-mercaptoethanol, 50 mM NaCl, 5 mM MgCl 2 , 10% glycerol, and 0.1% Triton X-100). Protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce) based on the biuret reaction. The purified protein was resuspended in glycerol to a final volume of 50% and stored at Ϫ20°C.
Western blot analysis of the purified recombinant proteins. Western blot analysis was performed using Penta-His antibody mouse monoclonal immunoglobulin G1 (QIAGEN) as previously described (19) .
RNA-dependent RNA polymerase assays. The RNA-dependent RNA polymerase activity of NV 3D pol was assessed in vitro as previously described (19) . For primer-dependent initiation of RNA synthesis by norovirus 3D pol on a homopolymeric RNA template, 1 g homopolymeric poly(U), poly(G), poly(C), or poly(A) was used as a template, together with 150 pmol of oligo(A) 20 , oligo(C) 20 , oligo(G) 20 , or oligo(U) 20 RNA primer per reaction mixture under the conditions described above. Similarly, primer-dependent initiation of RNA synthesis by norovirus 3D pol on poly(A)-tailed subgenomic RNA (1 g) was investigated in the presence of 150 pmol of oligo(U) 20 RNA primer or a sequencespecific RNA oligonucleotide primer (5Ј-AAAAGACACUAAAGAAAG-3Ј) per reaction mixture. In parallel, initiation of RNA synthesis by norovirus 3D pol was investigated under the same conditions as those described above, except that antisubgenomic RNA (1 g/reaction mixture) was used in the absence (primer independent) and in the presence of 150 pmol of an RNA (5Ј-AUGAAGAUG GCGUCGAAUGACGCCAACCCAUCU-3Ј) or DNA (5Ј-ATGAAGATGGC GTCGAATGACGCCAACCCATCT-3Ј) oligonucleotide primer per reaction mixture.
VPg uridylylation assay. Recombinant norovirus VPg (1 g) was incubated with norovirus 3D pol under the same conditions as those used for the assessment of its RNA-dependent RNA polymerase activity, except that reaction buffer (50 mM HEPES [pH 7.5], 1 mM MnCl 2 ), UTP (10 M), and 1 g poly(A) RNA were added to the reaction mixture, whereas ATP, GTP, and CTP were omitted from the reaction mixture. The reaction mixture was incubated at 30°C for 2 h. The reaction products were visualized on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels by autoradiography. To further assess the specificity of the uridylylation reaction, the same conditions were used but in the presence of [␥- 32 P]UTP (800 Ci/mmol). VPg-poly(U) elongation assay. Recombinant norovirus VPg was incubated with norovirus 3D pol under the same conditions as those used for uridylylation experiments, except that 100 M UTP was added to the reaction mixture. The reaction was performed at 30°C for 2 h. The reaction products were visualized on 12% SDS-polyacrylamide gels or formaldehyde-agarose gels by autoradiography as described above. To further assess the specificity of the elongation reaction, the elongated VPg-poly(U) was submitted to digestion with RNases A and V1 (Ambion) at final concentrations of 1 g/l and 10 U/l, respectively, for 2 h. The digested VPg-poly(U) was then analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
5 mapping of the NV 3D pol replication product. The 5Ј end of the 3D pol replication product was mapped using an RNA ligase-mediated rapid amplification of cDNA ends approach. Subgenomic RNA was first replicated in the 3D pol assay as previously described (19 Two microliters of the reaction mixture was then used for amplification of cDNA by PCR. The PCR mixture (50 l) consisted of 2 l cDNA template; 5 l of 10ϫ Herculase polymerase reaction buffer (Stratagene); 0.2 mM each of dATP, dCTP, dGTP, and dTTP; 5% dimethyl sulfoxide; 1 M of GeneRacer 5Ј primer (5Ј-CGACUGGAGCACGAGGACACUGA-3Ј; Invitrogen) and 139-NV-ORF3 primer (5Ј-GCATTGCCAGGAAGAACTAATC-3Ј); and 5 U Herculase Hotstart polymerase (Stratagene). Initial denaturation was carried out for 5 min at 94°C. This was followed by 35 cycles of denaturation for 30 s at 94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C. A final extension step was carried out for 7 min. PCR products were separated by 1% agarose gel electrophoresis in the presence of ethidium bromide, and the gel was visualized under UV light. For second-round amplification, master mix composition and cycling conditions were identical to those used for first-round PCR, except that primers GeneRacer 5Ј-nested (5Ј-GGACACUGACAUGGACUGAAGGAGUA-3Ј) and 140-NV-ORF3 (5Ј-GCTCTCAACACATCATTTGTCACC-3Ј) were used. Amplicons were sequenced as previously described (18, 20) . Sequences were generated in both directions for each amplified viral nucleic acid. 3 mapping of the NV 3D pol replication product. The 3Ј terminus of the 3D pol replication product was mapped using a CapFinder approach as described by others (3). Briefly, the product of the 3D pol reaction was reverse transcribed with a Superscript one-step RT-PCR with Platinium Taq kit (Invitrogen). The RT-PCR mixture (50 l) consisted of 13 l RNA template; 23 l of 2ϫ reaction mixture containing 0.4 mM each of dATP, dCTP, dGTP, and dTTP and 2.4 mM MgSO 4 ; 1 M each of primer CapFinder-dGTP (5Ј-GAGAGAACGCGTGAC GAGAGACTGACAGGGGGGGGH-3Ј) or CapFinder-dCTP (5Ј-GAGAGAA CGCGTGACGAGAGACTGACACCCCCCCCH-3Ј) and 197-Nor-ORF2 (5Ј-AGCCACCTGCATAACCATTG-3Ј); and 2 l RT/Platinium Taq enzyme mixture. Reverse transcription was carried out for 45 min at 50°C. This was followed by denaturation for 2 min at 94°C and 40 cycles of denaturation for 30 s at 94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C. A final extension step was carried out for 7 min. Amplified fragments were visualized on a 1% agarose gel containing 0.25% ethidium bromide. Amplicons were sequenced as described above. Sequences were generated in both directions for each amplified viral nucleic acid.
Deletion analysis of the 3 termini of subgenomic and antisubgenomic RNA. Deletion analysis was performed by generating cDNA fragments harboring deletions at the 3Ј termini of the corresponding subgenomic and antisubgenomic RNA. Generation of synthetic RNA transcripts was performed as described above.
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RESULTS
Generation of norovirus full-length subgenomic RNA transcripts. In vitro transcription of norovirus full-length subgenomic cDNA (2,473 nt) yielded a single-stranded RNA transcript that was visualized on formaldehyde-agarose gel. Tailing of the synthetic RNA by poly(A) polymerase resulted in the addition of about 150 nt at its 3Ј terminus, yielding a full-length subgenomic poly(A) RNA.
Heterologous expression and purification of recombinant norovirus proteins. Expression and purification of recombinant norovirus 3D
pol as well as mutated 3D pol (YGD 343G D 343G ) were performed as previously described (19) , yielding a recombinant protein (Fig. 1A) . Similarly, expression of recombinant norovirus VPg was performed with E. coli BL21(DE3)pLysS cells (Novagen). A fusion protein containing a His 6 tag at its N and C termini was overexpressed at 25°C and purified by Ni-nitrilotriacetic acid affinity chromatography as a soluble protein of 19.8 kDa (169 amino acids in length) (Fig. 1A) . Western blot analysis of the elution fraction with anti-His antibodies confirmed the reactivity at an apparent molecular mass of about 20 kDa (Fig. 1B) . The fraction containing norovirus VPg was dialyzed and used for the uridylylation assays. In addition, the same fraction containing the bacterial cell lysates after transformation with the expression vector alone without the gene of interest was used as a negative control in the uridylylation experiments.
Norovirus 3D pol initiates RNA synthesis on homopolymeric RNA templates. In the first step, purified norovirus 3D pol was treated with micrococcal nuclease, eliminating a possible contamination with DNA-or RNA-priming fragments that may launch replication of norovirus RNA. In the second step, initiation of RNA synthesis by norovirus 3D pol was examined on homopolymeric RNA templates. In the absence of an oligonucleotide primer, no incorporation of [␣- (Fig. 2) . In contrast, the addition of a complementary oligonucleotide RNA primer to the reaction mixture led to the incorporation of [␣- respectively. Interestingly, the addition of cold GTP to the reaction mixture (50 M) allowed the incorporation of [␣-32 P]GMP even in the absence of an oligonucleotide RNA primer ( Fig. 3A  and B ). This was observed on poly(C) templates, indicating that synthesis of RNA from poly(C) homopolymeric templates can take place in a primer-independent manner. For poly(G), poly(U), and particularly poly(A) templates, no incorporation of [␣- Our results indicate that norovirus 3D pol initiates RNA synthesis on or poly(C) or poly(A) homopolymeric templates in a primer-dependent manner. In addition, de novo initiation is possible on poly(C) templates in the presence of high concentrations of purine nucleotides.
Norovirus 3D pol replicates subgenomic poly(A)-tailed RNA in a primer-dependent manner. The activity of norovirus 3D pol was assessed in vitro, with full-length subgenomic poly(A)-tailed RNA used as a template. Norovirus 3D pol was able to replicate full-length subgenomic RNA (2,473 nt) in a primerdependent manner (Fig. 4A) . Interestingly, when using an RNA primer (5Ј-AAAAGACACUAAAGAAAG-3Ј) specific for the sequence adjacent to the poly(A) tail, replication also occurred (Fig. 4B) . No replication was observed in the absence of an oligo(U) 20 RNA primer on poly(A)-tailed RNA templates.
These results correlate with the precedent observation on homopolymeric templates, indicating that norovirus 3D pol initiates RNA synthesis and replication of subgenomic poly(A)-tailed RNA in a primer-dependent manner.
Uridylylation and elongation of norovirus VPg by norovirus 3D pol . We next examined whether norovirus 3D pol was able to uridylylate VPg, yielding VPg-pU. SDS-polyacrylamide gel electrophoresis of the reaction products showed that norovirus 3D pol uridylylates VPg (Fig. 5A) . No uridylylation was seen when mutated norovirus 3D pol was used or in the absence of VPg, in the absence of poly(A) RNA, or in the presence of bacterial cell lysates, demonstrating the specificity of the reaction to VPg, poly(A) RNA, and norovirus 3D pol , respectively. To determine the specificity of the uridylylation reaction, [␥-32 P]UTP was used instead of [␣-32 P]UTP in the reaction. In this case and as expected, no signal was detected (Fig. 5B) , indicating that the signal observed in the presence of [␣-32 P]UTP is specific and does not result from radiolabeling of VPg.
In order to further characterize the role of VPg in initiating RNA synthesis, elongation experiments were performed in vitro under the same conditions as those used for uridylylation of VPg, except that UTP at a final concentration of 100 M was used. Similar to the uridylylation reaction, norovirus 3D pol was able to elongate VPg (Fig. 5C ) only in the presence of poly(A) RNA but not when mutated norovirus 3D pol was used or in the absence of VPg or in the presence of bacterial cell lysates. Furthermore, the sensitivity of the elongation product to RNase digestion was examined by treating the reaction mixture with RNases A and V1. As shown in Fig. 5D , the elongation product was completely digested by RNases A and V1 in the reaction. In contrast, VPg-pU was resistant to both RNase A and RNase V1. These results show that VPg-poly(U) consists of a poly(A)-poly(U) dimer covalently linked to VPg, whereas the VPg-pU results from uridylylation of VPg.
Priming of norovirus subgenomic poly(A) RNA replication by uridylylated VPg. To further elucidate the priming mechanism of norovirus 3D pol , purified recombinant VPg was incubated with full-length subgenomic poly(A)-tailed RNA as well as 100 M UTP under the same conditions as those used for replication, except that ATP, CTP, and GTP were omitted from the reaction mixture. In the absence of the oligo(U) 20 primer, no replication was observed. After the addition of 1 g of VPg, incorporation of [␣-32 P]UMP in the nascent strand was evidenced, indicating that elongation of VPg-poly(U) and (Fig. 5E ). These data suggest that initiation of replication of polyadenylated subgenomic RNA depends on elongation of VPg. Norovirus 3D pol initiates replication at the template's 3 end. In order to determine the initiation site of norovirus 3D pol , subgenomic nonpolyadenylated RNA was used as a template in the primer extension approach. Amplification of the 5Ј end of the norovirus 3D pol replication product yielded a 252-bp amplicon (Fig. 6A) . Sequencing of the amplicon showed that its 5Ј terminus is identical to the 3Ј end of the synthetic RNA template, indicating that NV 3D pol initiates replication at the template's 3Ј end (Fig. 6B) .
Norovirus 3D
pol terminates replication at the template's 5 end. In order to determine the termination site of norovirus 3D pol replication, subgenomic nonpolyadenylated RNA was used as a template in the CapFinder approach. cating an annealing of the CapFinder-d(GTP) primer to a poly(C) stretch present on the 3Ј terminus of the template (Fig. 7A) . Sequencing of the amplicon showed that it displays a poly(G) stretch at its 5Ј terminus, corresponding to the CapFinder-d(GTP) primer, thus reflecting the poly(C) stretch at the 3Ј terminus of the replication product (Fig. 7B) . Primer-independent initiation of replication on norovirus antisubgenomic RNA. In order to assess the ability of norovirus 3D pol to initiate RNA synthesis on heteropolymeric antisubgenomic RNA, norovirus antisubgenomic RNA was synthesized by in vitro transcription. Norovirus 3D pol was able to replicate antisubgenomic RNA in the absence of an RNA primer or in the presence of an RNA primer or a DNA primer complementary to the first 21 nt at the 3Ј terminus of the template (Fig. 8A) . These results indicate that norovirus 3D pol does not depend on the first 21 nt of antisubgenomic RNA to initiate replication, as the blocking of the sequence with an RNA (5Ј-AUGAAGAUGGCGUCGAAUGACGCCAACCC AUCU-3Ј) or DNA (5Ј-ATGAAGATGGCGTCGAATGA CGCCAACCCATCT-3Ј) primer did not abolish replication. Strand separation analysis of the norovirus 3D pol replication product allowed complete resolution of the double-stranded RNA on 1.25 M formaldehyde-agarose gels, indicating that the replication product did not consist of two RNA strands covalently linked, as would had been expected in the case of a back-priming initiation of norovirus 3D pol RNA synthesis (Fig. 8B ). Tentative characterization of the initiation site of replication of subgenomic RNA and antisubgenomic RNA by norovirus 3D pol . To further exclude the possibility of a sequencespecific initiation of RNA synthesis by norovirus 3D pol , deletion analysis was performed on norovirus subgenomic and antisubgenomic RNA. Therefore, nine subgenomic and antisubgenomic RNA truncated at their 3Ј termini were synthesized and used in vitro for RNA replication. As shown in Fig. 9 and 10, RNA replication is not dependent on a specific sequence located at the 3Ј termini of either subgenomic or antisubgenomic norovirus RNA. The truncated RNAs did not exclusively bear a pyrimidine as the ultimate nucleotide at their 3Ј termini, indicating that in vitro, de novo initiation on heteropolymeric templates is not strictly dependent on the presence of a pyrimidine as the ultimate nucleotide at the template's 3Ј termini. These data also indicate that RNA synthesis by norovirus 3D pol is not sequence dependent.
DISCUSSION
In this study, initiation of replication of the norovirus genome by norovirus RNA-dependent RNA polymerase (3D pol ) was examined in vitro, using a recombinant active norovirus RNA-dependent RNA polymerase as well as subgenomic RNA as a surrogate for genomic RNA. Genomic and subgenomic RNA are both polyadenylated at their 3Ј termini and bear at their 5Ј termini identical 33-nt sequences (5Ј-AUGAAGAUGGCGUCGA AUGACGCCAACCCAUCU-3Ј in NV/Dresden174/1997/GE [GenBank accession number AY741811]), making it possible to address the initiation of replication of the norovirus genome using as a surrogate the subgenomic RNA. We found that norovirus 3D pol initiates RNA synthesis in a primer-dependent manner on polyadenylated templates, whereas initiation of RNA synthesis on heteropolymeric templates occurs de novo. Our results also suggest that initiation of replication of the norovirus genome is VPgprotein primed, whereas replication of antigenomic RNA occurs de novo.
Norovirus RNA-dependent RNA polymerase is predicted to play an essential role in the replication of the norovirus genome. To date, many aspects relative to norovirus replication remain unclear, mainly because of the lack of a cell culture system for isolation of human norovirus. Indeed, the mechanisms by which norovirus 3D pol initiates replication as well as FIG. 6 . Primer extension analysis at the 5Ј terminus of the replication product of norovirus 3D pol . In all reactions, synthetic subgenomic RNA was used as a template for the replication reaction, yielding a replicated RNA corresponding to the antisubgenomic RNA. (A) Lanes 1 and 2, reverse transcription and amplification of the 5Ј terminus of the replicated RNA by RNA ligase-mediated rapid amplification of cDNA ends. Amplified cDNA was visualized on 2% agarose gel by UV transillumination after ethidium bromide staining. (B) Sequence analysis of the amplification product. The sequences of the template (3Ј terminus of norovirus subgenomic RNA) and the 3D pol replication product (5Ј terminus) are shown.
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on February 21, 2013 by PENN STATE UNIV http://jvi.asm.org/ the nature of its replication products remain so far uncharacterized. Understanding the molecular mechanisms of norovirus replication in vitro may shed light on the replication strategy used by human norovirus, a major agent of acute gastroenteritis. It is also an important prerequisite for the development of antiviral drugs directed against this essential viral enzyme. In this study and in the first step, initiation of RNA synthesis by norovirus 3D pol was examined on homopolymeric templates and found to be strictly primer dependent. As expected, this primer dependency was also observed when using norovirus subgenomic polyadenylated RNA as a template, strictly requiring the addition of an oligo(U) 20 RNA primer for initiation of RNA synthesis. However, primer dependency was not limited to homopolymeric templates, as a heteropolymeric sequencespecific RNA primer was also able to initiate replication of polyadenylated subgenomic RNA in a concentration-dependent manner (Fig. 4B) . This strict primer dependency was overcome only on homopolymeric poly(C) RNA templates in the presence of GTP, indicating a de novo initiation mechanism on this template.
In the next step, the role of norovirus VPg in initiating RNA synthesis was addressed. The VPg is postulated to display features essential for infectivity. However, its role in initiating replication of norovirus RNA is still not understood. In this study, we have postulated that initiation of replication on norovirus genomic RNA is protein primed, hence depending on uridylylation and subsequent elongation of norovirus VPg by 3D pol , similar to protein-primed initiation of replication of poliovirus genomic RNA (13-16) . Here, full-length polyadenylated subgenomic RNA was used, as both genomic and subgenomic RNA bear at their 3Ј termini identical poly(A) tails, making it possible to address this question on full-length subgenomic RNA. We have expressed recombinant VPg in E. coli and purified it to a milligram concentration. Incubation of norovirus VPg with 3D pol in the presence of a poly(A) template led to uridylylation of VPg and formation of VPg-pU, as evidenced by SDS-PAGE analysis. Uridylylation was strictly dependent on the presence of VPg, 3D pol , and poly(A) RNA in the reaction mixture, and incubation of [␥-32 P]UTP did not lead to labeling of VPg, sustaining the specificity of the uridylylation reaction. Incubation of VPg with 3D pol in the presence of a poly(A) template and high concentrations of cold UTP led to elongation of VPg and generation of VPg-poly(U). This was not observed in the absence of poly(A) RNA template or VPg or when mutated 3D pol was used, indicating the strict dependency of the uridylylation reaction on this template, the VPg, and 3D
pol . Furthermore, the elongated VPg-poly(U) was sensitive to RNase treatment, yielding VPg-pU that is, in turn, RNase resistant. We then examined whether norovirus 3D pol was able to initiate RNA synthesis on polyadenylated subgenomic RNA in the presence of VPg but in the absence of an oligo(U) 20 primer. Incubation of norovirus polyadenylated subgenomic RNA with VPg and 3D pol allowed initiation of RNA synthesis. These observations strongly suggest a proteinprimed initiation of replication of the norovirus genome by 3D pol , as already reported for animal caliciviruses, i.e., feline calicivirus and rabbit hemorrhagic disease virus (10, 23, 25) .
We then examined whether initiation of replication on antigenomic RNA is template dependent or occurs de novo. To pol , in the presence of mutated 3D pol , and in the absence of 3D pol , respectively. Lanes 4 to 6, RNA synthesis in the presence of wild-type 3D pol and a 3Ј terminus cRNA oligonucleotide, in the presence of mutated 3D pol and a 3Ј terminus cRNA oligonucleotide, and with a 3Ј terminus cRNA oligonucleotide but without NV 3D pol , respectively. Lanes 7 to 9, RNA synthesis in the presence of wild-type 3D pol and a 3Ј terminus cDNA-oligonucleotide, in the presence of mutated 3D pol and a 3Ј terminus cDNA-oligonucleotide, and with a 3Ј terminus cDNA-oligonucleotide but without NV 3D pol , respectively. T, template RNA. R, replication product. M, RNA molecular size marker (kb). (B) Strand separation analysis of the replication products. Reaction products were analyzed on formaldehyde-agarose gels and visualized by UV transillumination after ethidium bromide staining. Lanes 1 and 2, template (antisubgenomic RNA) and norovirus 3D pol replication products, respectively. address this question, antisubgenomic RNA was synthesized in vitro. Our results indicate that norovirus polymerase carries out replication of antisubgenomic RNA in a primer-and sequence-independent manner. Indeed, norovirus 3D pol yielded an RNA product in the absence of an exogenous primer but not when 3D pol was omitted or the inactive 3D pol mutant was used. This primer-independent replication of nonpolyadenylated subgenomic RNA templates raised the question as to whether RNA sequences located at the 3Ј terminus of NV genomic RNA might play an important role in initiating replication. In this context, the 42-to 78-nt-long untranslated region located at the 3Ј termini of the genomic and subgenomic RNA is of interest. This sequence is predicted to form a stable hairpin structure (5) . Stable RNA secondary structures located at the 3Ј termini of single-stranded RNA viruses have been reported to play an important role in the initiation of genomic replication (6, 9, 11, 15) . In norovirus, this hairpin at the 3Ј end of the genome is conserved all over the genogroups (5) . In our study, deletion of this hairpin structure as well as contiguous sequences did not influence replication of subgenomic RNA in vitro. Similarly, deletion of the 3Ј terminus of antisubgenomic RNA as well as contiguous sequences did not inhibit RNA replication. Accordingly, initiation of replication in NV does not seem to strictly depend on a stable RNA secondary structure at the 3Ј terminus of the genomic RNA or on the 3Ј terminus of the antigenomic RNA. Interestingly, a poly(C) stretch was evidenced by CapFinder analysis of the 3Ј terminus of antisubgenomic RNA. Norovirus 3D pol has been shown to display a terminal transferase activity on the 3Ј terminus of single-stranded RNA, with a strong preference for CTP (19) . Therefore, the addition of a poly(C) stretch at the 3Ј terminus of the genome may result from the terminal transferase activity of norovirus 3D pol . Interestingly, norovirus 3D pol is capable of de novo initiation on antisubgenomic RNA templates, as shown in Fig. 8 . On the basis of these data, we postulate that initiation of replication of antisubgenomic RNA by norovirus 3D pol occurs de novo on a poly(C) stretch, added at the 3Ј terminus of the antisubgenomic RNA by norovirus 3D pol terminal transferase activity. This is strongly supported by the observation that de novo initiation on RNA genomes preferentially occurs on pyrimidines (here a cytosine), being the ultimate Tϩ1 nucleotide, after the addition of an Nϩ1 nucleotide (7) . Strikingly, comparison of the 5Ј termini of norovirus genomes sustains our hypothesis, as all NV genomes bear a guanidine 5Ј monophosphate at the 5Ј termini of their genomic and subgenomic RNAs (5), presumably resulting from transcription of the ultimate cytidine at the 3Ј terminus of antigenomic RNA.
According to our results, recombinant norovirus 3D pol displays a relative flexibility as to initiation of replication that is modulated by the 3Ј-terminal sequence of its templates. Indeed, norovirus 3D pol (i) initiates RNA synthesis on homopolymeric poly(A) and poly(C) templates in a primer-dependent and de novo manner, respectively, (ii) replicates norovirus polyadenylated subgenomic RNA only in the presence of an oligo(U) 20 primer, (iii) uridylylates and elongates VPg in the presence of poly(A) RNA, (iv) initiates replication on polyadenylated subgenomic RNA in a VPg-protein-primed manner, (v) replicates norovirus antisubgenomic RNA in a primer-independent manner, starting at the very beginning of the 3Ј terminus of template RNA, and finally (vi) adds a poly(C) stretch at the 3Ј terminus of the replication product through terminal transferase activity, allowing de novo initiation on this template.
In summary, our results suggest a differential initiation of replication of genomic and antigenomic RNA by norovirus 
3D
pol . The major determinants of this variability seem to be the poly(A) tail at the 3Ј termini of genomic and subgenomic norovirus RNA as well as a poly(C) stretch at the 3Ј terminus of the antigenomic RNA. In this context, the roles of other norovirus proteins, like the 2C NTPase , the N-terminal protein, and even the ORF3-encoded protein, remain to be determined.
